DNA is known to be aggregated by metal ions including Mn 2þ ions, but analysis of the aggregation process from a chemical viewpoint, which means identification of the product yielded during the process, has not been performed yet. On examination of the kinds of degraded materials that were in the supernatant obtained on centrifugation of a DNA mixture aggregated under conditions of 10 mM Mn 2þ ions ([Mn]/[P] = 46.3) at 70
DNA is known to be aggregated by metal ions including Mn 2þ ions, but analysis of the aggregation process from a chemical viewpoint, which means identification of the product yielded during the process, has not been performed yet. On examination of the kinds of degraded materials that were in the supernatant obtained on centrifugation of a DNA mixture aggregated under conditions of 10 C for 1 h, the degradation products were found to be dAMP, dCMP, dGMP, and TMP. These dNMPs were purified by HPLC on TSKgel ODS-80Ts and identified by LC-TOF/MS. The degradation activity was lost on pretreatment of the DNA with a phenol-chloroform mixture, and the activity was recovered by pretreatment with a mixture of DMSO and a buffer containing surfactants. Mn 2þ , Co 2þ , Ni 2þ , Cu 2þ , Zn 2þ , and Cd 2þ , as transition element metal ions, were effective as to the degradation into dNMP. Mg 2þ , Ca 2þ , Sr 2þ , and Ba 2þ , as alkali earth element metal ions, were not effective as to the degradation. Monovalent anions such as Cl À , CH 3 OO À , and NO 3 À were found to increase the degradation rate. Sixty g of the 120 g of the starting DNA in 450 l was degraded into dNMP on reaction for 1 h in the presence of 100 mM NaCl and 10 mM Mn 2þ ions. In this process, aggregation did not occur, and thus was not considered to be necessary for degradation. The degradation was found not to occur at pH 7.0, and to be very sensitive to pH. The OH À ion should have a critical role in cleavage of the phosphodiester linkages in this case. The dNMP obtained in the degradation process was found to be only 5 0 -NMP, based on the H 1 NMR spectra. This prosess should prove to be a new process for the production of 5 0 -dNMP in addtion to the exonuclease.
Key words: DNA; degradation; Mn 2þ ion; monodeoxyribonucleotide; 5 0 -dNMP DNA is known to be aggregated by metal ions including Mn 2þ ions, and spectrophotometric research on the aggregation of DNA in the presence of Mn ions has been carried out, [1] [2] [3] but analysis of the aggregation process from a chemical viewpoint, which means identification of the product yielded during the process, has not been performed yet. Accordingly, we tried to determine the molecular size distribution in the supernatant obtained on centrifugation of an aggregated DNA mixture in the presence of Mn 2þ ions by size-exclusion chromatography. Almost all of the DNA was found to be rapidly degraded mainly into 5 0 -monodeoxyribonucleotides (5 0 -dNMP). On the other hand, phosphodiester linkage of DNA is known to be very stable for acidic and alkaline conditions, differently from RNA. As for non-enzymatic cleavage of DNA, not many papers have been reported on it. 4) A supercoiled plasmid, pBR322, was cleaved via the hydrolytic pathway by the combination of a ruthenium complex with a divalent metal 5) and by a diiron complex. 6) Single-stranded DNA was hydrolyzed by cerium (IV) ions and lanthanide ions. 7, 8) The selfcleavage of 101mer DNA oligomer, DNA-cleaving deoxyribozyme, occurred in the presence of Cu ions. [9] [10] [11] All cleavage patterns of DNA in the research mentioned above were endo-type cleavages. However, although our cleavage pattern was an endo-type cleavage, the final products was found to be 5 0 -dNMP. In this paper, the experimental results obtained on degradation of DNA into 5 0 -dNMP in the presence of Mn 2þ ions are described.
Materials and Methods

DNA.
One thousand one hundred seventeen bp DNA (A), 281 bp DNA (B), and 140 bp DNA (C), originating from the human gene ZNF219 cDNA, 12) and 421 bp DNA (D) originating from the lambda phage were prepared by PCR amplification using the plasmid recombined with ZNF219 cDNA and lambda phage genome DNA respectively. One thousand one hundred seventeen bp DNA (A) was a combination of AAAA-GCTAGC with the 5 0 -terminal of the fragment comprising positions +1,062 to +2,169 of the ORF of the human gene ZNF219 cDNA, 12) and a gene fragment plus 10 bp was prepared according to the PCR protocol using Pyrobest DNA polymerase (Takara Biochemicals, Shiga, Japan) under conditions of 5% DMSO. Two hundreds eighty one bp DNA (B) and 140 bp DNA (C) were fragments comprising +1,612 to +1,893 and +1,612 to +1,752 of the ORF respectively, prepared according to the above PCR protocol. Four hundreds twenty one bp DNA (D) was a fragment comprising sequence positions 23,902 to 24,322 of the lambda genome, prepared according to the above PCR protocol. The primers for PCR were as follows: In the case of A, F primer and R primer were AAAAGCTAGCGAGCC-GTTGGGCCCAGCGCTCCTC and CTACCGTTCTT-GCCCCCCCAGCCC respectively. In the case of B, F primer and R primer were CCGGCTCCCTCAAGTA-TCACCTACAGCGC and CAAGGACAGGTCCAGG-GGTTCGGCCTCACC respectively. In the case of C, F primer and R primer were CCGGCTCCCTCAAGTAT-CACCTACAGCGC and AGGCTGCGGAGACGGCT-TGGCTCCAGA respectively. In the case of D, F primer and R primer were CATGGTTTTTTAGTCATAAAA-CTCTCCATTTTG and GGACAGTGGCGTACAGTC-ATAGATGGTCGG respectively. Finally, PCR product was dialyzed for at least 1 d in 1 mM Tris/HCl (pH 7.5). The GC contents of A, B, C, and D were 71.4%, 73.7%, 73.6%, and 37.9% respectively.
Treatment of 281 bp DNA with a phenol-chloroformisoamyl alcohol mixture (PhOH/CHCl 3 /IAA = 25/24/ 1) for removal of Pyrobest DNA polymerase was carried out as follows: Equal volume of the phenol mixture was added to the DNA solution, and the mixture was vigorously vortexed. After centrifugation, the DNA in water part was recovered by precipitation using 2-propanol and ethanol.
0 -dGMP, and 5 0 -TMP were purchased from Sigma-Aldrich (St. Louis, MO).
Determination of DNA. The amount of DNA was determined from the absorbance at 260 nm.
Determination of 3
0 ! 5 0 exonuclease activity of Pyrobest DNA polymerase in the presence of Mn 2þ ions. First, a Pyrobest DNA polymerase solution containing 10 units, which was defined in the manufacturer's protocol, was dialyzed in 1 mM Tris/HCl (pH 8.0). Next, 150 ml composed of a portion containing 4 units, 30 mg of 21 mer DNA oligomer composed of GCCGTCCTGCCGCAGGCCTTT, 10 mM MnCl 2 , and 10 mM Tris/HCl (pH 7.5) was incubated at 70 C for 2 h. After incubation, 15 ml of the reaction mixture was subjected to a TSKgel G2500PW column to determine the molecular size distribution.
Determination of the molecular size distribution of the degradation products. The molecular size distribution was determined with HPLC equipment (SCL 10A, LC-10AS, SPD 6A, Shimadzu, Kyoto, Japan) on gel permeation columns of TSKgel G2500PW (size exclusion limit, 5 Â 10
3 ) and TSKgel G3000PW (size exclusion limit, 2 Â 10 5 ) (Tosoh, Tokyo). Tris/HCl (0.1 M, pH 7.5) containing 0.3 M NaCl was used as the mobile phase. The flow rate and column temperature were 0.5 ml/min and 30 C. The eluate was monitored at 260 nm. The full-scale span of the recorder was 0.16.
Identification of degradation products. The degradation products were fractionated by HPLC on a TSKgel ODS-80Ts column (Tosoh, Tokyo). Acetic acid (50 mM) containing 2% acetonitrile was used as the mobile phase. The flow rate and column temperature were 1.0 ml/min and 40 C. The fractions comprising each peak in Fig. 4 were collected twice, the total was freeze-dried, and part of the freeze-dried preparation dissolved in 20 ml of milliQ water was subjected to mass spectral analysis. Four ml of the above mobile phase was also freezedried, and part of the dissolved preparation was also subjected to mass spectrum analysis as a control. A JSM T100-LC (JEOL, Tokyo), LC-TOF/MS equipment, was used. Electron spray ionization and the negative mode were used in the analysis. An aqueous 0.05% triethylamine solution was used as the mobile phase, and the flow rate was 0.1 ml/min. The sample was injected directly into the mobile phase without using the column. Other conditions are given in the legend to Fig. 5 .
Measurement of H
1 NMR spectra. The freeze-dried preparation mentioned above and standard 3 0 -and 5 0 -dNMP were dissolved in D 2 O and adjusted to pH 6:2 AE 0:2 respectively and then examined with a JEOL NMR spectrometer, ECA-500.
Degradation of various kinds of DNA in the presence of Mn 2þ ions, elimination of Mn 2þ ions, and solubilization of the ppt. material. The reaction mixture, 450 ml, composed of 30 mg of DNA, 10 mM MnCl 2 (99.9%), and 10 mM Tris/HCl (pH 7.5) was incubated at 70 C for 1 h. These conditions were used for the regular degradation reaction except when stated otherwise. The mixture was centrifuged after the reaction, 300 mg of Chelex 100 resin (Bio-Rad, Hercules, CA) was added to the supernatant, and then the mixture was rotated up and down for 1 h to remove Mn 2þ ions. On the other hand, 450 ml of 10 mM Tris/HCl (pH 7.5) and 300 mg of Chelex 100 resin were added to the tube from which the supernatant had already been removed, only the ppt. remaining. This mixture was also rotated up and down for 1 h. The ppt. was dissolved in the buffer during this process. After rotation, the resin was removed from the mixture, and the resulting solution was adjusted to pH 7:0 AE 0:5 and concentrated to a dry state. The desired volume of water was finally added for the preparation of a sample for analysis. Degradation of 281 bp DNA in the presence of 18 mer DNA oligomer was carried out as follows: Twenty-four mg of 18 mer DNA oligomer composed of GTCCT-GCCGCAGGCCTTT was added to 450 ml of the degradation mixture composed of 30 mg of 281 bp DNA, 10 mM MnCl 2 (99.9%), 10 mM Tris/HCl (pH 7.5), and 100 mM NaCl, of which the effect is described later, and the degradation mixture was incubated at 70 C for 2 h. After centrifugation, Mn 2þ ions in the supernatant were removed in addition to the above procedure, and the concentrated preparation was subjected to HPLC.
Degradation of 281 bp DNA pretreated with the phenol mixture in the presence of DMSO was carried out as follows: One hundred ml composed of a portion containing 20 mg of the DNA, 0.002% Tween 20, 0.002% NP-40, and 20% DMSO in the Pyrobest buffer (Takara Biochemicals), which were composed of Tris/ HCl (pH 8.5), 1 mM MgCl 2 and unpublished kind of surfactant, was incubated at 30 C for 1 h, and after incubation, 45 ml of 100 mM Tris/HCl, 90 ml of 50 mM MnCl 2 , 90 ml of 500 mM NaCl, and 125 ml MilliQ water were added to the 100 ml to make 10 mM Tris/HCl, 10 mM MnCl 2 , and 100 mM NaCl. Then the mixture was continuously incubated at 70 C for 1 h and centrifuged. Mn 2þ ions in the supernatant were removed in addition to the above procedure, and the concentrated preparation was subjected to HPLC.
Separation and determination of dNMP in the degradation product. The final preparation was applied to a TSKgel G2500PW column and fractionated in the retention area between 14 min and 18 min, and then the amount of DNA in the fraction was determined from the absorbance at 260 nm.
Results
Molecular size distribution of DNA degradation products in the presence of Mn 2þ ions A mixture containing DNA was treated with 10 mM Mn 2þ ions at 70 C for 1 h, as described in ''Materials and Methods.'' As a result, a large part of DNA was aggregated as water-insoluble material, while 20 to 40% of the DNA remained as water-soluble material in the supernatant. The water-insoluble material, the aggregated DNA, was dissolved by removal of Mn 2þ ions by means of chelating resin Chelex 100. The supernatant and the water-soluble preparation derived from the ppt.
without Mn 2þ ions were concentrated, and the concentrates were applied to a gel permeation column of TSKgel G2500PW. In the cases of the supernatants originating from 1,117 bp DNA and 281 bp DNA, five peaks corresponding to dNMP and the decomposed material were found in the retention time area at later than 14 min on the chromatograms shown in Fig. 1A and C. On the other hand, the two leftmost peaks in the retention time area from 10 to 11 min originated from the starting DNA and the mixture of the intermediates and the contaminated primers for PCR amplification, the positions of which are shown by the arrows in Fig. 1 . A single peak or two peaks originating from materials of molecular sizes similar to those of the corresponding starting DNA and the mixture of the intermediates with the primers for PCR amplification were found for the preparation comprising the ppt. dissolved by the addition of Chelex 100 resin in the cases of 1,117 bp DNA, 281 bp DNA, and 421 bp DNA, as shown in Fig. 1B, D , and F. The smaller peak of the starting DNA in the retention time area at 10 min in Fig. 1B was obtained as follows: in the case of 1,117 bp DNA, macromolecular material was formed by the Mn 2þ ion treatment, and the material was not passed through TSKgel G2500PW column and the absorbance disappeared on the chromatogram because a large amount of the material remained without any change even after removal of Mn 2þ ions. However, in the case of the supernatant originating from 421 bp DNA from the genome, four smaller peaks were found in the retention time area at later than 14 min, as shown in Fig. 1E . The differences in peak size might be related with the lower GC content of the genome.
Almost the same results as those in the case of 281 bp DNA were obtained when 140 bp DNA was degraded according to the same procedure.
In On the other hand, Pyrobest DNA polymerase is known to have 3 0 ! 5 0 exonuclease activity. Therefore, it is possible that the degradation was caused by the remaining enzyme activity in the starting DNA preparation. Accordingly, three experiments were carried out. In the first experiment, the exonuclease activity of Pyrobest DNA polymerase in the presence of 10 mM Mn 2þ ions was assayed, as described in ''Materials and Methods.'' The degradation rate to dNMP at 70 C for 2 h was calculated to be only 1.9%, based on a comparison of the peak area of the chromatogram originating from dNMP with the peak area originating from undegradable 21 mer DNA oligomer. This result means that almost no exonuclease activity was found in the presence of 10 mM Mn 2þ ions. In the second experiment, 18 mer DNA oligomer was added to the degradation mixture, which was in-cubated at 70 C for 2 h, as described in ''Materials and Methods.'' The result is shown in Fig. 2 . Almost all of the oligomer remained, based on the peak size indicated by the arrow. The oligomer is assumed not to have been degraded, while the double strand 281 bp DNA was almost completely degraded. If the exonuclease remained, some part of the oligomer must have been cleaved.
The third experiment was carried out as follows: Pyrobest DNA polymerase in 281 bp DNA preparation was removed by treatment with a phenol mixture. Consequently, degradation of the DNA did not happened by the procedure using Mn 2þ ions, as described in ''Materials and Methods.'' Accordingly, the DNA was incubated in a mixture of 20% DMSO, and two surfactants into the Pyrobest buffer, and the incubated preparation was continuously degraded by Mn 2þ ions as described in ''Materials and Methods.'' The results are shown in Fig. 3 . The DNA was completely degraded. The peak position of the starting DNA is indicated by the arrow. The degradation activity by Mn 2þ ions was almost completely recovered upon treatment with a mixture of 20% DMSO, and two surfactants into the Pyrobest buffer. PCR amplification for preparation of 281 bp DNA was performed in a mixture of 5% DMSO, and two surfactants came from Pyrobest DNA polymerase preparation into the Pyrobest buffer. This combination might be necessary for the degradation activity and for construction of unknown tertiary structure of DNA. On the other hand, DMSO is known to be effective for improvement of PCR performance in some cases, and the tertiary structure is presumed to be improved by DMSO.
Finally, the exonuclease activity is not related to the degradation from the results of the above three experiments.
On investigation of the effects of 2. C, and the size distribution pattern was the same as those at 70 C. On investigation of the effect of the reaction time under conditions of 70 C and 10 mM Mn 2þ ions, more than 30 min was found to be effective, and 6.8 mg was present in the water-soluble material at a reaction time of 30 min.
Identification of water-soluble materials in the supernatant generated on degradation
Identification of water-soluble materials eluted in the retention time range of dNMP on HPLC on a gel permeation column was carried out as follows: The concentrated preparation obtained on removal of Mn 2þ ions from the supernatant after degradation using 281 bp DNA was applied to a TSKgel ODS-80Ts column, as described in ''Materials and Methods.'' Four large peaks were found in the chromatogram, designated nos. 1 to 4, as shown in Fig. 4 . Peak no. 1 was identified as that of dCMP, because its retention time was consistent with the retention time of standard dCMP. Peaks nos. 2, 3, and 4 were identified as those of dAMP, dGMP, and TMP respectively, based on comparisons of their retention times. Next, each peak was fractionated, and after the fractions were freeze-dried, the water-dissolved preparation was subjected to mass spectrum analysis. The results are shown in Fig. 5 . The spectrum of peak no. 1 was identified as that of dCMP. The spectrum of peak no. 2 was identified as that of dAMP, and the peak at 195.00 M/Z was assumed to be that of the degraded fragment from which the adenine base of dAMP had been removed. The spectrum of peak no. 3 was identified as that of dGMP, and the peak at 266.09 M/Z was assumed to be that of deoxyguanosine, the degraded fragment derived from dGMP. The peak at 172.52 M/Z was assumed to be that of a negative divalent derivative of dGMP. The spectrum of peak no. 4 was identified as that of TMP. The peak at 195.01 M/Z was assumed to be that of the degraded fragment from which the thymine base of TMP had been removed.
Furthermore, four kinds of dNMP were subjected to HPLC on a gel permeation column of TSKgel G2500PW, and their elution patterns and retention times were compared with those of the degradation products. The peaks from the left side of the chromatogram in the retention time area between 14 min and 18 min in Fig. 1C correspond to dCMP, TMP, dGMP, and dAMP in that order. Therefore, the main products of the degradation were dAMP, dCMP, dGMP, and TMP. C were almost the same as those at 70 C. In these cases, a large part of the added DNA was converted to the ppt fraction, and a white powdered ppt. was found at the bottom of the centrifuge tube. Therefore, aggregation occurred with The experimental procedure was performed as described in ''Materials and Methods'' on a TSKgel ODS-80Ts column. The degradation product (7.9 mg) prepared from 281 bp DNA was applied.
these metal ions. However, in the cases of Mg 2þ , Ca 2þ , Sr 2þ , and Ba 2þ ions, since these are alkali earth element metal ions, almost all of the added DNA was found in the supernatant as water-soluble material, as shown in Table 1 and was found to be starting DNA, based on the retention time on the chromatogram using TSKgel G2500PW column. These metal ions were not effective as to degradation, and aggregation did not occur.
Effect of monovalent anions on degradation of 281 bp DNA in the presence of Mn 2þ ions The effects of various chemicals on the degradation of DNA was investigated. One hundred mM NaCl was found to increase the degradation rate, as shown in Fig. 6 . Almost all of the added DNA was present in the supernatant on reaction for 0.5 h, but the DNA was not much degraded. The total amount of added DNA was almost completely degraded into dNMP on reaction for 4 h. One hundred mM CH 3 COONa, 100 mM NH 4 Cl, 100 mM KCl, and 100 mM NaNO 3 were also effective as to an increase in the degradation rate, and the patterns of the chromatograms obtained for the supernatants were entirely the same as that in the case of 100 mM NaCl. NaSO 4 and sodium succinate did not have any effect on degradation. Therefore, monovalent anions had effects on degradation. Metal ions (10 mM) were used for the degradation instead of 10 mM Mn Time course of dNMP production, and relationship between the added amount of DNA and dNMP production in the presence of 100 mM of NaCl and Mn 2þ ions The amount of dNMP produced increased linearly, and it reached a maximum on reaction for 2 h, as shown in Fig. 7 . At that time, about 80% of the added DNA had probably been converted into dNMP. The amounts produced per 1 h were 16 mg from 30 mg of the starting DNA and 60 mg from 120 mg of the starting DNA, as shown in Fig. 8 . When 120 mg of 281 bp DNA was added, the DNA concentration in the reaction mixture was 0.027%, as calculated. About half the added DNA is considered to have been degraded into dNMP in 1 h in proportion to the increase in the amount of added DNA.
Effect of pH on DNA degradation in the presence of 100 mM of NaCl and Mn 2þ ions The OH À ion is known to have an important role in cleavage of the phosphodiester linkages, and hence the pH of the reaction mixture is assumed to be an important factor in degradation. In the experiment, the degradation was found not to occur at pH 7.0, and to be very sensitive to pH, as shown in Fig. 9 . The experiment could not be performed at more than pH 8.7 because Mn 2þ ions are converted into water-insoluble Mn(OH) 2 . On the other hand, degradation did not occur completely at pH 6.5, 5.7, or 4.0. It was concluded that the OH À ion has an important role in the cleavage of phosphodiester linkages.
No necessity of aggregation in the degradation of DNA It is important for elucidation of the degradation mechanism to know whether aggregation is necessary for degradation, especially in the presence of NaCl. Accordingly, a second degradation of DNA in the supernatant obtained on degradation for 0.5 h in the Ions. The degradation procedure was performed at the desired pH levels in the presence of 100 mM NaCl as described in ''Materials and Methods.'' Ten mM Tris/HCl was used as the buffer. TSKgel G2500PW was used for the gel permeation column. pH 7.0, 2.0 mg from 25.3 mg of DNA in the supernatant fraction. pH 7.5, Same as that for 1.0 h in Fig. 6 . pH 8.2, 2.9 mg from 26.3 mg of DNA in the supernatant fraction. presence of 100 mM NaCl was carried out. A large part of the added DNA in the supernatant was degraded into dNMP in an additional 2 h, as shown in Fig. 10B . This finding suggests that the water-soluble DNA in the supernatant was degraded and that aggregation was not necessary. Next, determination of the size distribution of the DNA in the whole reaction mixture on degradation for 0.5 h was carried out by size-exclusion chromatography using TSKgel G3000PW. The leftmost peak originated from the starting DNA, and no new additional peak originating from other larger molecular DNA was found in the left-side area, as shown in Fig. 10C . This means that aggregation is not essential.
Determination of the linkage site of the phosphate group in the degradation product It is also important for elucidation of the degradation mechanism to know whether the phosphate group of the degradation product, dNMP, is bound to the 3 0 -side or to the 5 0 -side. The linkage site was determined using a H 1 NMR spectrometer. The results for the preparation from peak no. 3 in Fig. 4 , which was identified as dGMP, are shown in Fig. 11C . A and B in Fig. 11 show the spectra for standard 3 0 -dGMP and 5 0 -dGMP respectively. The large peak around 4.7 ppm originated from contaminating H 2 O. The chemical shifts originating from 3
0 -H and 5 0 -H in B are consistent with those in C, respectively. Therefore, the preparation from peak no. 3 was identified as 5 0 -dGMP. The chemical shifts originating from the preparations from peaks nos. 1, 2, and 4 in Fig. 4 were compared with those of standard 3 0 -and 5 0 -dCMP, 3 0 -and 5 0 -dAMP, and 3 0 -and 5 0 -TMP respectively (data not shown). The chemical shifts originating from the preparations were entirely consistent with those of standard 5 0 -dCMP, 5 0 -dAMP, and 5 0 -TMP respectively. Therefore, it was concluded that the linkage site of the phosphate group was on 5 0 -side of deoxyribose, and that the cleavage site was on the 3 0 -side.
Discussion
Exonuclease is known to degrade DNA into dNMP, but successful non-enzymatic degradation of DNA into dNMP has not been reported until now. In many cases, a side reaction such as breakdown of the base occurs when DNA is degraded under acidic or alkaline conditions. On the other hand, in our case, degradation was dependent on transition element metal ions, especially Mn 2þ ions, and 281 bp DNA was mainly degraded into dNMP. The consequent cleavage pattern is evident in the result showing in Fig. 3 , in which the leftmost peak size is considerably larger than that originating from the contaminated PCR primer. Some part of the leftmost peak size is assumed to have originated from intermediates. Therefore, 281 bp DNA is roughly cleaved into endo-type, and then degraded into dNMP.
The degradation activity by Mn 2þ ions for DNA was almost completely lost after treatment of the DNA with the phenol mixture, and almost completely recovered by pretreatment of the DNA with a mixture of DMSO, and two kinds of surfactants into the Pyrobest buffer. This result suggests that an unknown tertiary structure of the DNA has a critical role in degradation. Pyrobest DNA polymerase might also contribute to construction of the unknown tertiary structure of the DNA during PCR amplification, because the polymerase has function in repair of the double-strand DNA.
On the other hand, the degradation in the presence of Mn 2þ ions is assumed to have been affected by the structural characteristics of the DNA, for the following other reasons: A temperature increase to 70 C led DNA denaturation under the condition of 3. C. Hence it is assumed that the DNA was easily denatured into singlestrand DNA. Single-strand DNA has been suggested to have potential as to high ordered folding, 11) but 18 mer DNA oligomer is assumed not to be degraded, as shown in Fig. 2 . Hence it is not clear whether the condition of only the single-strand is necessary for degradation. The first degradation procedure was performed for 30 min in the presence of 100 mM NaCl as described in ''Materials and Methods.'' A, Same as for 30 min in Fig. 6 . B, After the first degradation, the reaction mixture was centrifuged, and the supernatant was incubated again at 70 C for 2 h. Four and two tenth mg from 25.4 m of DNA in the supernatant, after removal of Mn 2þ ions, was applied to a TSKgel G2500PW column. C, 1.2 mg from 27.7 mg of DNA in the total degradation mixture for 30 min was applied directly to the TSKgel G3000PW column without any procedure to remove Mn 2þ .
Degradation of DNA to 5 0 -dNMPFurthermore, DNA having a high GC content was more easily degradable in our case, and DNA is known to form higher three-dimensional shapes because the performance of PCR amplification tends to be inferior. Therefore, the tertiary structure of DNA is again expected to play an important role in degradation. However, aggregation of DNA was not essential for degradation, as judged from the results mentioned above.
Fifteen AE 5% of the total bound Mn 2þ ions has been reported to be directly coordinated with the phosphate groups in inner sphere of DNA.
13) Therefore, it is highly possible that Mn 2þ ions coordinate with the phosphate groups of single strand DNA at 70 C in a high ratio. Generally speaking, coordinated complexes composed of various metal ions with the phosphate group are known to facilitate OH À ion binding to the phosphorus atom, and the introduced OH group has an important role in cleavage of the phosphodiester linkage. In our case, the degradation occurred at more than pH 7.5 and was very sensitive to pH, as already described, so the OH group perhaps has an important role in cleavage of the phosphodiester linkages. Hence, our degradation scheme is almost the same as the proposals, except for the metal ions, by Komiyama et al. 8) and by Beese et al. 14) The scheme is shown in Fig. 12 . The phosphate group forms a regular tetrahedron structure with a phosphorus atom in the center, and an oxygen atom with a double bond is located at the top of the tetrahedron. When the OH À ion binds to the phosphorus atom, the double bond disappears, yielding O À , and the trigonal bipyramid structure appears, as shown in Fig. 12 , but this scheme is applicable only to cleavage of phosphodiester in the end terminal.
As for the selectivity evident in the fact that only 5 0 -NMP is produced, the tertiary structure of DNA at more than 70 C in the presence of Mn 2þ ions is thought to have a critical role, but no definite mechanism can be proposed at present, because there are very few analytical methods to determine the tertiary structure of DNA, and elucidation of the degradation mechanism is a future research item.
